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Abstract
The photopic ﬂicker sensitivity of the chicken was determined using an operant conditioning psychophysical technique. The
results show both high- and low-frequency fall-oﬀ in the sensitivity response, which peaked around 15 Hz. Flicker sensitivity was
determined for a range of stimulus luminance levels, and directly compared to human ﬂicker response measured under similar
stimulus conditions. At ﬁve luminance levels (10, 100, 200, 500 and 1000 cd/m2), the overall chicken ﬂicker sensitivity was found to
be considerably lower than for humans, except at high frequencies. A greater degree of frequency tuning was also found in the
chicken response. The critical ﬂicker fusion values were either similar or slightly higher for chickens compared to humans (40.8, 50.4,
53.3, 58.2 and 57.4 Hz vs 39.2, 54.0, 54.0, 57.4 and 71.5 Hz respectively for humans and chickens for increasing stimulus luminance
level). A recently proposed model for ﬂicker sensitivity [Vision Research 39 (1999) 533], which incorporates low- and high-pass
temporal ﬁlters in cascade, was found to be applicable to the chicken response. From this model, deductions were made concerning
mechanisms controlling the transfer of temporal information.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In humans, photopic ﬂicker sensitivity, as a function
of threshold ﬂicker modulation depth, exhibits high- and
low-frequency fall-oﬀ around a peak of 10–15 Hz (De
Lange, 1958; Kelly, 1971a,b; Raninen & Rovamo,
1996). Two important retinal processes are involved in
the determination of human ﬂicker sensitivity. The ﬁrst,
which acts as a low-pass temporal ﬁlter, involves signal
processing within the photoreceptors as a major ele-
ment. The second, which displays high-pass ﬁltering,
consists of an inhibitory feedback network principally
formed from horizontal and amacrine cell connec-
tions in the inner and outer plexiform layers (Kelly,
1971a; Rovamo, Raninen, Lukkarinen, & Donner, 1996;
Rovamo, Raninen, & Donner, 1999). This lateral in-
hibition process also sub-serves edge enhancement ef-
fects (Ratliﬀ, 1965; Ratliﬀ, Knight, Toyoda, & Hartline,
1967). The ﬂicker response characteristics of each ﬁl-
ter can be quantitatively described by an appropriate
modulation transfer function (MTF). Early mathemati-
cal studies of ﬂicker sensitivity showed that these ﬁlter
MTFs could be employed in cascade to predict human
ﬂicker perception for a large range of stimulus conﬁgu-
rations (Kelly, 1961, 1971a,b). More recent studies of
human ﬂicker sensitivity have extended this MTF
modelling approach to include factors which account for
internal neural noise, the response of a detection ﬁlter
situated in the brain, and also external noise contained
within the stimulus (Rovamo et al., 1996, 1999).
These modelling approaches may describe ﬂicker in
other species less well, if at all. The chicken is one species
whose vision is well explored because of its common use
as an animal model in biomedical research, although
very little information exists on its ﬂicker sensitivity. In
chickens, we can reasonably predict that there will be a
low-pass temporal ﬁltering process operating in a similar
qualitative, though not necessarily quantitative, way to
that presumed for humans; Nuboer, Coemans, and Vos
(1992) found a maximum critical ﬂicker frequency
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(CFF) of 105 Hz for a ﬂickering blue stimulus. Chickens
also possess both horizontal and amacrine cells in their
retinas which could facilitate an inhibitory feedback
network process (see Walls, 1942).
This paper reports a psychophysical, operant, inves-
tigation into the ﬂicker sensitivity of the chicken, and
proposes adaptations to the Rovamo human ﬂicker
sensitivity model (Rovamo et al., 1996, 1999) which
allow it to ﬁt the observed chicken data. Flicker sensi-
tivity data collected in humans for similar stimulus
conditions are also shown for comparison.
2. Materials and methods
2.1. Subjects
Thirteen, 8-month-old mature laying hens (ISA
Brown; ISA Poultry Services Ltd. Peterborough, UK)
were housed under incandescent lighting on a 12L:12D
cycle giving illuminances in the range 5 and 50 lm/m2.
Previously to this, the chickens were reared under nat-
ural light in an outdoor paddock. Twelve human vol-
unteers, both male and female with normal vision were
chosen between 20 and 30 years old. This speciﬁc age
group was used in order to reduce the reported eﬀects of
age on ﬂicker sensitivity (Brundrett, 1974).
2.2. Operant apparatus, stimulus presentation and control
The apparatus consisted of an instrumented cage
controlled by a PC. On one side of the cage were two
Perspex panels each 125 mm from the ﬂoor and sepa-
rated by 250 mm. Between the panels at ﬂoor level was a
small food trough. A light source generated from three
nominally white LEDs (colour temperatures of 6500 K;
HLMP-CW31; Hewlitt-Packard, Palo Alto, California,
USA) was presented behind each panel giving a circular
stimulus of 18 mm in diameter with a distinct edge. The
LEDs were clustered at the end of an 86 mm long 18
mm diameter aluminium tube. The stimulus was pro-
jected onto the back of layers of ‘frost’ and neutral
density gel ﬁlters (various combinations of product
numbers 209, 210, 400, 416 and 419; Lee Filters,
Andover, Hampshire, UK), the front surface of which
formed the plane of the stimulus.
Using a signal generator (TG210; Thurlby Thandar
Instruments, Huntingdon, Cambridgeshire, UK), and
some additional electronic control, each stimulus could
be static or ﬂickering at any rate between 1 and 1000 Hz,
have any luminance between 0 and 2000 cd/m2 (achieved
either by varying the current supplied to the LEDs or by
altering the gel ﬁlter combinations through which the
stimulus was presented) and any modulation depth be-
tween 0% and 100%. For this experiment, the light ﬂux
temporal waveform of the stimulus was a regular sinu-
soid given by,
LðtÞ ¼ Lmean½1þ m sinð2pftÞ ð1Þ
where LðtÞ denotes stimulus luminance at time t(s), Lmean
denotes mean stimulus luminance, f is temporal fre-
quency (Hz) and m is modulation depth.
The stimulus luminance was calculated from mea-
surements taken by a calibrated spectrophotometer
(ST2000; Ocean Optics Inc., Dunedin, Florida, USA).
Five mean luminance levels were chosen for the ﬂick-
ering stimulus; 10, 100, 200, 500, and 1000 cd/m2, which,
in our experiment, gave human retinal illuminance levels
of 100, 645, 1150, 2500, and 4600 Td respectively. Using
measurements of how chicken pupil area varied with
luminance obtained from another study (Barbur, Pres-
cott, Douglas, Jarvis, & Wathes, 2001), chicken retinal
illuminance values were calculated and found to be ap-
proximately 1.3 times greater than for humans at each
luminance level.
2.3. Experimental method
A conventional shaping procedure was adopted to
train the chickens. Six chickens were trained to peck at
the static panel and seven trained to peck at the ﬂick-
ering panel to receive a small food reward. Pecking the
alternative panel generated no reward.
For each chicken the threshold modulation depth for
each of nine ﬂicker frequencies (1, 5, 10, 15, 25, 30, 35,
40 and 50 Hz) was established by a successive approxi-
mation method, starting from an initial level of 100%.
By this method, modulation depth was reduced in large
steps until discrimination was no longer possible, in-
creased in smaller steps until discrimination was possible
then decreased in still smaller steps until discrimination
was again impossible. This process continued until the
threshold level was deﬁned 2% of the level of modu-
lation. The criteria for a successful discrimination was
that the chickens pecked the reinforcing panel at least 10
times with no more than two pecks to the non-rein-
forcing panel, and that they continued at this level of
performance even though the stimulus presentation
changed between the panels at least ﬁve times. In addi-
tion, apparent disinterest or frustration was used as
evidence for unsuccessful discrimination. Initially, per-
haps 30 tests were conducted on one chicken although
for subsequent chickens the number was reduced once
an estimate of the threshold could be made. Repeated
measurements were averaged for those data points that
appeared as outliers. The CFF was established for each
chicken using a similar method but by changing the
ﬂicker frequency rather than the modulation depth.
These procedures were repeated at the chosen ﬁve levels
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of mean stimulus luminance. For each chicken, reliable
threshold measurements were only taken once the
chicken’s eye had become adapted for a period of
greater than 15 min to the particular luminance level
being tested. The experiment was designed such that the
order of testing of each chicken, the ﬂicker frequency
testing order and the luminance level were all rando-
mised.
In our experiment, because we felt it was unnecessary
to restrain the chickens’ heads, a single viewing distance
is not deﬁned. Instead, the chickens were observed to
view the stimulus from any distance between 5 and 15
cm, giving a concomitant variation in stimulus angular
size of between 7 and 20.
For the 12 naive human subjects the method was
somewhat abridged. Each subject was presented with
a ﬂickering stimulus modulating at 100% and asked to
vary the modulation depth until the ﬂicker was only
just detectable. This was repeated for the same fre-
quencies as for the chickens, again presented in a ran-
dom order. Each subject was asked to repeat the
procedure for three luminances during only one trial
session. The thresholds were only measured once the
subject’s eye had become adapted to the luminance level
being tested. Diﬀerent subjects were given diﬀerent
luminance combinations. Both the presentation of the
frequencies and the luminance combinations were ran-
dom. The viewing distance for the humans was ﬁxed at
12 cm, the closest it was possible to get comfortably to
the stimulus. The associated visual angular subtense was
9, which was within the stimulus size range for the
chickens.
3. Results and data analysis
The data points in Fig. 1 are measured ﬂicker sen-
sitivity values S for both chickens and humans as de-
ﬁned from the inverse of threshold rms contrast. This
particular deﬁnition of threshold is employed in the
Rovamo ﬂicker model (Rovamo et al., 1996, 1999) and
is equal to ﬂicker modulation m divided by
p
2. Data are
shown for three levels of mean stimulus luminance: 10,
200 and 1000 cd/m2. Both the chickens’ and humans’
ﬂicker sensitivity increased with mean luminance, but
overall, the chickens’ response was lower than for
humans at any given luminance level. The chickens’
measured response data clearly show the high- and low-
frequency fall-oﬀ characteristics of human ﬂicker sensi-
tivity, suggesting similar underlying visual mechanisms,
although the peak sensitivity for chickens (around 15
Hz) occurred at a slightly higher frequency than for
humans. The solid curves shown through each human
data set in Fig. 1 represent sensitivity as calculated from
the Rovamo mathematical model. The capability of this
model to describe both human and chicken ﬂicker sen-
sitivity is now examined.
The complete Rovamo model, which has been shown
to ﬁt measured human sensitivity to sinusoidal ﬂicker up
to 30 Hz, is given by,
Fig. 1. Flicker sensitivity of chickens and humans. Open squares show
measured chicken data (with SE) while ﬁlled squares show measured
human data (with SE). The curves represent ﬂicker sensitivity as de-
termined from the Rovamo model Eq. (7). Solid lines are human data
and dotted lines are chicken data. All equation parameters not cited
below have values speciﬁed in the text: (a) Stimulus mean luminance;
10 cd/m2. For the human modelling: Nð0Þ ¼ 5:0 10
5 s, Thuman ¼
0:010 s, h ¼ 1:3. For the chicken modelling: Nð0Þ ¼ 2:0 10
2 s,
Tchicken ¼ 0:005 s, h ¼ 1:3. (b) Stimulus mean luminance; 200 cd/m2.
For the human modelling: Nð0Þ ¼ 5:0 10
5 s, Thuman ¼ 0:0075 s, h ¼
1:15. For the chicken modelling: Nð0Þ ¼ 3:5 10
2 s, Tchicken ¼ 0:0035 s,
h ¼ 1:0. (c) Stimulus mean luminance; 1000 cd/m2. For the human
modelling: Nð0Þ ¼ 9:0 10
5 s, Thuman ¼ 0:006 s, h ¼ 1:0. For the
chicken modelling: Nð0Þ ¼ 2:0 10
2 s, Tchicken ¼ 0:0035 s, h ¼ 1:0.
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Sðf ;BÞ ¼ kpfgðf Þgfd 0½Ntðf Þ þ Nqtðf Þ
þ Nðf ÞR
2ðf ;BÞP
2ðf Þ1=2g
1 ð2Þ
where B denotes mean retinal illuminance (Td) and k is a
constant related to stimulus exposure time. The terms
Ntðf Þ, Nqtðf Þ, and Nðf Þ denote temporal noise super-
imposed on the ﬂicker signal, quantal noise and internal
neural noise respectively. The internal neural noise is
usually assumed to be white (i.e. Nðf Þ ¼ Nð0Þ). Para-
meter d 0 represents the detectability index (Tanner &
Birdsall, 1958) and relates to the signal-to-noise ratio at
the detection ﬁlter situated in the brain. The function
gðf Þ represents the frequency dependent eﬃciency of
this ﬁlter. Values of d 0 and Nð0Þ are of the order of 1.4
and 5:0 10
5 s, respectively. The term Rðf ;BÞ repre-
sents the MTF of the initial low-pass ﬁlter situated in the
retina, and is given by,
Rðf ;BÞ ¼ R0ðBÞf1þ ð2pfT Þ2g
3 ð3Þ
where R0ðBÞ denotes the retinal illuminance-dependent
zero frequency asymptote of this function and T is
a time constant. This particular MTF relates to signal
processing primarily within the photoreceptors. The
mathematical form of Eq. (3) is supported from physio-
logical work conducted on cone temporal response
characteristics in both turtles and primates (Baylor &
Hodgkin, 1974; Baylor, Lamb, & Yau, 1979; Schnapf,
Nunn, Meister, & Baylor, 1990; Hood & Birch, 1993;
Schneeweis & Schnapf, 1995). The time constant T de-
ﬁnes the overall time scale in the response of the low-
pass ﬁlter and may also reﬂect signal processing as far as
the ganglion cell level (Rovamo et al., 1996). The elec-
trical analogue of Rðf ;BÞ is a cascade of six RC (resis-
tance/capacitance) low-pass ﬁlters.
Speciﬁc functions for both R0ðBÞ and gðf Þ have been
derived from an analysis of human ﬂicker sensitivity
data obtained from stimuli containing temporal noise
(Rovamo et al., 1999). It was found that,
R0ðBÞ ¼ ð1þ Bc=BÞ
a ð4Þ
and
gðf Þ ¼ bf 
c ð5Þ
In Eq. (4), Bc is the critical retinal illuminance, where
R0ðBÞ approaches its maximum value, and a is a con-
stant. At moderate to high stimulus luminances, R0ðBÞ is
approximately unity. Speciﬁc values for Bc, a, and the
two constants b and c in Eq. (5) were found to be 31.5
Td, 0.473, 0.148 and 0.568 respectively (Rovamo et al.,
1999).
The function Pðf Þ in Eq. (2) represents the MTF of
the high-pass ﬁlter which predominantly describes lat-
eral inhibition within the retina. P ðf Þ in the Rovamo
model is given by,
Pðf Þ ¼ hf ð6Þ
where h is a constant which is a measure of the level of
lateral inhibition. In the modelling of human ﬂicker
sensitivity (Rovamo et al., 1999), this constant is usually
placed equal to unity. For simple sinusoidal ﬂickering
stimuli, devoid of temporal noise, Ntðf Þ and Nqtðf Þ are
zero. For these conditions, Eq. (2) reduces to,
Sðf ;BÞ ¼ fkpðgðf ÞÞ=½d 0pNð0ÞgRðf ;BÞPðf Þ ð7Þ
The modelled human sensitivity curves in Fig. 1
represent the best ﬁts obtainable from Eq. (7) to the
measured ﬂicker data at each stimulus luminance level.
Equation parameter values are given in the caption
to Fig. 1. As in previous studies (Rovamo et al., 1996,
1999), this model is seen to represent adequately ﬂicker
sensitivity over the frequency range 1–30 Hz. The results
in Fig. 1 also demonstrate the models applicability to
higher frequencies.
A similar modelling procedure was carried out with
the chicken ﬂicker sensitivity data and the results shown
by dotted curves through the chicken data points in Fig.
1. At each stimulus luminance level, Eq. (7) can also be
employed to describe adequately the chicken ﬂicker
sensitivity. The model parameter changes required to
obtain the correct curve proﬁles reveal that at each lu-
minance level, the time constant T for the chicken is less
than that for human, indicating faster peripheral signal
processing within the chicken retina. At each luminance
level, the overall reduced chicken sensitivity at low
and moderate frequencies relates to a lower value of
the mathematical scaling term ðpb=½d 0pNð0ÞÞ. Conse-
quently, the decreased chicken response must be due
either to increased neural noise, or to lower detection
eﬃciency in the brain. If the constants b and d 0 are as-
sumed similar to humans, then the inferred chicken
neural noise is about 103 times higher than for humans.
Prior to the development of the Rovamo model,
Kelly (1971a,b) devised a model that described human
ﬂicker sensitivity at both low and high frequencies up to
CFF for a wide range of stimulus luminance levels and
sizes. The basic mathematical description of ﬂicker
sensitivity in this model is similar to the Rovamo version
in that low- and high-pass ﬁlter MTFs are utilised in
cascade. The Kelly model may be written as,
Sðf ;BÞ ¼ k0BR0ðf ÞP 0ðf ;BÞ ð8Þ
where R0ðf Þ and P 0ðf ;BÞ are the low- and high-pass ﬁlter
MTFs respectively and k0 is a scaling constant. Eq. (8)
is similar to the Rovamo model (Eq. (7)) except that
no terms exist to account for internal neural noise or a
detection ﬁlter. The lateral inhibition high-pass ﬁlter
MTF is also dependent on retinal illuminance (Kelly,
1971a,b).
The Kelly description for the peripheral low-pass
ﬁlter (Kelly, 1971a,b) is,
R0ðf Þ ¼ exp½
pð2pf sÞ ð9Þ
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This ﬁlter was believed by Kelly to represent the diﬀu-
sion of transmitter molecules within photoreceptors,
and also signal processing at the bipolar level (Kelly &
Wilson, 1978). The mathematical nature of Eq. (9) is
based on the early diﬀusion modelling of Veringa (1963).
In Eq. (9), s represents a time constant related to the
diﬀusion process.
The high-pass ﬁlter P 0ðf ;BÞ is given by,
P 0ðf ;BÞ ¼ ½ðð2pf Þ2 þ a2Þ2=fðð2pf Þ2 þ K2Þ2
þ 2K2ðK2 
 ð2pf Þ2Þ þ K4g0:75 ð10Þ
Eq. (10) is the MTF for an RC integrator and feedback
circuit where (2p=a) represents the integrator time con-
stant and K is the inhibition gain level. At low fre-
quencies the function P 0ðf ;BÞ increases with frequency
and in that sense is similar to the simple high-pass ﬁl-
ter deﬁnition given in the Rovamo model (Eq. (6)).
As frequency increases further into moderate and high
values, however, Eq. (10) tends toward unity and
therefore saturates. Thus at CFF, (when m is itself unity
by deﬁnition) Eqs. (8)–(10) combine to give,
p
2 ¼ k0B exp½
pð2pffsÞ ð11Þ
where ff denotes CFF. Eq. (11) can be re-written as,
lnðBÞ ¼ pð2psffÞ 
 lnðk0=p2Þ ð12Þ
According to Eq. (12), a plot of ln(B) vs.
p
ff will be
linear with slope
pð2psÞ and Fig. 2 shows the CFF
analysis in this form, for data collected at ﬁve levels of
stimulus luminance. In this analysis, the behaviour of
CFF with luminance level obeys the Kelly model pre-
dictions for both the chicken and human data. The
chicken data curve however, has a lower slope compared
with the human data and this auxiliary analysis from an
earlier ﬂicker model also indicates a faster initial tem-
poral response in chickens.
Fig. 3 compares the ﬁt of the Rovamo and Kelly
models to both the chicken and human data. Both de-
scribe the chicken and human ﬂicker sensitivity well,
even though the neural mechanisms thought to underlie
each model, and the consequential mathematical impli-
cations, diﬀer in some important respects.
Fig. 2. Mean retinal illuminance vs.
p
CFF plots for (a) humans and
(b) chickens. Best-ﬁt curves are shown.
Fig. 3. A comparison between Kelly and Rovamo models (Eqs. (7)
and (8)) at a stimulus luminance of 1000 cd/m2. Data points are
measured ﬂicker sensitivity. Solid and dotted lines represent Rovamo
and Kelly models respectively. Rovamo model equation parameters
are as stipulated for Fig. 1: (a) Human ﬂicker sensitivity. In the Kelly
model: ðK=2pÞ ¼ 45 Hz, s ¼ 0:75 s, a ¼ 11 rad/s. (b) Chicken ﬂicker
sensitivity; In the Kelly model: ðK=2pÞ ¼ 82 Hz, s ¼ 0:50 s, a ¼ 14 rad/s.
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4. Discussion
The qualitative similarities between the chicken and
human ﬂicker sensitivity data are consistent with an
hypothesis that both temporal visual systems are gov-
erned by analogous mechanisms. These generate a ﬂicker
sensitivity curve that exhibits bandpass temporal re-
sponse characteristics. Moreover, the human model
proposed by Rovamo et al. (1996, 1999) can also ﬁt the
chicken data well simply by altering model parameter
values. Other species exhibit the same qualitative fea-
tures of relative high- and low-frequency insensitivity,
most notably, compound-eyed horseshoe crabs (Limulus;
Ratliﬀ et al., 1967), mammals such as tree shrews (Tupaia
belangeri; Callahan & Petry, 1999), cats (Felis domesti-
cus; Loop & Berkley, 1975) ground squirrels (Sperom-
philus beecheyi; Jacobs, Blakeslee, McCourt, & Tootell,
1980) and also goldﬁsh (Bilotta, Lynd, & Powers, 1998).
This last study indicated a similar luminance depen-
dency on the degree of temporal frequency tuning to
that found in our chicken study. All the mammals and
now from our work, chickens, exhibit peak sensitivities
occurring between 10–20 Hz depending on the stimulus
conﬁguration, while the horseshoe crab and goldﬁsh
possess a peak sensitivity of around 2 Hz. Given that
lateral inhibition is ubiquitous across diverse animal
species it seems reasonable to predict that many species
will possess qualitatively similar ﬂicker sensitivity curve
proﬁles.
Using the Rovamo model to describe chicken ﬂicker
sensitivity reveals that at any given mean stimulus lu-
minance level, the time constant T, which reﬂects the
overall time scale of temporal processing within the
receptor-ganglion cell chain, is shorter than that for
humans (Tchicken  0:5 Thuman). Absolute values of T re-
quired for best curve ﬁtting to the human data are
between 5 and 10 ms. Photoreceptor response times of
this magnitude would be expected from the a-wave re-
sponse times derived for the human ERG by Hood and
Birch (1993) who found that T  7 ms, at a retinal illu-
minance of 0.9 log Td. Faster peripheral signal process-
ing in chickens is also indicated when the earlier Kelly
model is applied to the sensitivity data, as reﬂecting in
changes in the time constant s (see Eq. (9)). The Kelly
model suggests that schicken  0:7shuman. In both models,
the peripheral signal processing which contributes to
ﬂicker sensitivity involves a low-pass ﬁlter operation and
relates primarily to pre-ganglion cell activity. Stronger
physiological evidence exists, however, in support of the
Rovamo RC integrator description of the low-pass ﬁlter
compared with the diﬀusion-based explanation given
by Kelly. For a discussion of these particular low-pass
ﬁlter interpretations see both Rovamo et al. (1999) and
Corwin and Dunlap (1987). The conclusion from both
models that the chicken visual system displays faster
signal processing properties compared with humans is in
agreement with a recent study of pupil dynamics in both
chickens and humans (Barbur et al., 2001).
In the Rovamo model, the lower sensitivity of the
chicken to ﬂicker compared with the human at any lu-
minance level, is attributable to either increased neural
noise or lower detection eﬃciency as described in the
previous section. In the Kelly high-pass ﬁlter MTF (Eq.
(10)), this reduction in sensitivity is modelled by higher
values of the inhibition gain term K. This means that at
any luminance level, increased lateral inhibition in the
chicken retina compared with the human, would be re-
sponsible for the lower levels of sensitivity according to
the Kelly model. In the Rovamo model, lateral inhibi-
tion does not play a role because the constant h in Eq.
(6) is always near unity, irrespective of luminance and
for both humans and chickens.
For any given species, the enhanced frequency tuning
normally displayed in ﬂicker sensitivity curves as stimu-
lus luminance increases has also been attributed to higher
levels of lateral inhibition both historically (Kelly,
1971a,b) and in a more recent study (Bilotta et al., 1998).
This particular interpretation is supported by electro-
physiological measurements of the spatial line spread
function and temporal MTF of lateral geniculate nucleus
(lgn) cells in cats (Kaplan, Marcus, & So, 1979). On the
other hand, Enroth-Cugell and Lennie (1975) found that
lateral inhibition conveyed from the surround mecha-
nism in ganglion cells of cats is eﬀective even in the dark
adapted state. This supports the Rovamo postulate that
high-pass ﬁltering is independent of luminance.
The high-pass ﬁlter description in the Rovamo model
(Eq. (6)) was drawn by simple analogy to the spatial
high-pass ﬁlter deﬁnition given in previously conducted
studies of human contrast sensitivity (Rovamo, Lunti-
nen, & Nasanen, 1993; Rovamo, Mustonen, & Nasanen,
1994). It was deduced from this work, that the MTF
describing spatial features of lateral inhibition is pro-
portional to spatial frequency. However, a study of
the spatio-temporal modulation response properties of
ganglion cells, has shown that the high-pass ﬁlter MTF
describing the action of lateral inhibition in both spatial
and temporal domains must saturate at high frequencies
(Donner & Hemila, 1996). This mathematical behaviour
is displayed by the Kelly ﬁlter MTF (Eq. (10)), but not
the Rovamo version (Eq. (6)). Certainly, localised edge
eﬀects in both electronic and photographic imaging are
characterised by an MTF which saturates at high fre-
quencies (Holst, 1996; Jarvis, 1997). These two particular
examples of edge enhancement are, in image structure
terms, analogous to visual Mach bands induced through
lateral inhibition (Ratliﬀ, 1965; Proudfoot, 1997).
The frequency range over which the human temporal
high-pass MTF would increase monotonically with fre-
quency prior to saturation depends, however, on the
time delay incurred within the lateral inhibitory system.
If this is small enough, then this range may be quite
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extensive and stretch to relatively high frequencies
(Donner & Hemila, 1996). The applicability of the
Rovamo model to our ﬂicker sensitivity data indicates
that the simpliﬁed MTF given in Eq. (6) for the high-
pass ﬁlter is adequate up to at least 70 Hz. If this were
not the case, the model would overestimate the high-
frequency data given in Fig. 1. In summary, our study
suggests that the Rovamo model provides both a real-
istic mathematical description of ﬂicker sensitivity and a
good insight into the underlying neural processes in
both human and chicken vision.
The very low-frequency (1 Hz) response of the
chicken at any given mean luminance level, is substan-
tially less than for humans. The greater degree of fre-
quency tuning at each luminance level displayed in the
chicken data compared with human, can be seen from
calculations of the ratio of sensitivity measured at 1 Hz
to that obtained at peak sensitivity. These ﬁndings in-
dicate that the chickens’ visual response is particularly
poor for steady state stimuli, and becomes optimised
when temporal transient information is present in the
ﬁeld of view. This could explain why rapid head move-
ments are a common feature in chicken behaviour (see
Hughes, 1983); such movements will result in small
spatial perturbations of the retinal image which in turn,
will excite transient-responding retinal cells (Ikeda &
Wright, 1972). The recent pupillometric study (Barbur
et al., 2001), has also revealed a lack of sustained re-
sponse characteristics in chickens when luminance level
is varied, which again suggests a need for transient in-
formation in the stimulus ﬁeld.
The reduced sensitivity to steady state stimuli in
chickens has particular beneﬁts for the perception of
novel stimuli which either move or appear suddenly in
the ﬁeld of view. In the absence of strong signals gen-
erated in response to stationary, patterned stimuli, novel
stimuli are more readily detected. It would also be rea-
sonable to conclude from our results, that the detection
of an incoming predator is improved in species like
chickens where the visual system displays a high degree
of bias toward transient inputs.
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